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Selecting ventilator settings using INVENT, a system 
including physiological models and penalty functions 

Stephen E. *-»'. Sueo Andre*""'. Morten PiwiBdlich 1 . Cliff Maria 1 . Ewnn R. 
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ThU ff factta WVEHT. ■ »]*«■> ta «tetta« I*" 

Zd* tociiow Mu«d In WVENT « flm ■»»••««» *» ■ 

of*. «« of 6* fy~m to «J«^I letdngi fcr • podari 

raiding in a* ittmsfvt e« hi*. For ■» p*H«i. «be by *• 

tyiuffl U «» »« reuoeaMe md cwutaam with dioic*! opinion. 

1 Introduction 

M~Vnl«J «»d»Uoo of . pmhm I. » »*ich enn he eoen « Vving three Jogic.1 
.■«..: 1) .MtnmtM of ft. p.li.nl'. f-ihophyiiologieil «Ute for eumple imp-m* 
Start.*. ebxul.tio. o, n-uhoKc 2) l^icfion, of how ehwje. 

r^oJT..o, Utio,. effect J-ri... nrUbk. " Bno led - 

d.n-ge to Ibe poueM't phyriology. tfld 3) eeleelion of V««I.W «.«g. *« « 
optimtl in the «n« of minimising dem«ge » *• P£«" P hj T. ,0 ». ^ „_ 
toTp«p« deecriV. the intelligent alitor (INVENT). ■ thr Toil two . epr 
of p*hophy»iolog, and prod Won of the «ffocU of cfcttge. 
ire Ju»d by physiologic*] model' «f (OJ^orbon dioitde 
T^T^ZPZi M«. f dy'nimiee. TV durd «.p « ottcr^lUhd lb, »«l™g 
p^tylunSon. to poor oiyVenatfon. ncW™, or HUloitt. and lun, d*n»ge due to 

baron vim*, •telertww w oiygen toxicity. . M . , _ . 

TV^peTnni deecriVs oSephy«iolo(fcil nod* «d in. poult, faoctloiu. foHo-d 
by * dei«i|Klon of ho* INVENT can »uta in veotflttor «*ring». 

2 Physiological models 
2.1 The oeygto model 

Rgwe I illu„r«.. ** model of <»yg.» bwpof I [l.i] impkn«»««d ■ ptfi 
INVQTT. The model include! eompamnenu detcribrng oxygen m the tlveoll and 
S«r»d oo-don. de«nbin, Jveol»r <m*0*». ****** m }" i 3£ 
Wmo^bin ^d oiygen conrumpUon. TV model contal" « f«^ < fi2 
de^ribing abJUovditle. of O, OMq-n l.e. the Aunong or pul«««"^ «>"«« 
(shunt) and the retiiUnet to oxygen dilTuiion (KJi- 
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Fig 1. The Osyeco model 

The equations included in ihe oxygen model arc illustrated in dW 5 botes of figure 1. 
Eqn. I describes osygen How into (he alveoli (VOj) in terms of the tnco'm of oiygen 
inspired (TO,) and eiplred (Ft Da) end the alveolar vtniilailnn, which if calculated as 
the difference between tidal volume (V T ) and dead fpace (V e ) multiplied by 
rwrpirwory frequency (0- Eqn. 3 calculate* the partial pressure of osygen in the lung 
capillaries (PcOj) as the partial pre Kurt of oxygen in the alveoli (PaQj « (Pb • 
Phjo)), minus the drop In ©Jtygen presiure from alveoli to lung capillaries due to the 
diffusion resistance (K*r VOj). Eqn. 3 it the shunt equation and describes the 
cooceatretion of eaygen in the arterial blood (CaOj) wheo blood from the lung 
capillaries (CcOi) i* miicd with a fraction (shunt) of venous blood (CvOj). Eqn. 4 
eakulaits the oxygen capacity of the blood (Ozcap) wbco the total hemoglobin 
concentration (Hb) is aJjusted for iu sboonnaJ forms (HbMct. HbCO). Eqn. 5 is in 
implementation of the oxygen dissociation ewe (ODC) [3) adjusted tor the pH. 
partial pressure of carbon dioxide (PCOi), temperature (T) and coDceniration of 24- 
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Diphoiphof lycentc (CDPC) In die blood. Eqst 6 describes ihc coDcantratioa of 
oxygen in arterial Wood (Cad) as the wm of oxygen bound u> hemoglobin (Oacap • 
Sad), and oxygen physically dissolved (Pad • aOi). Eqn. 7 Is the Rck equation and 
calculate* ihe venous oxygeo coooeAMioa (CvOi) as the arterial oxygen 
coimnfritioa (CaO*) minus the drop in oxygen cooetomtion due to conniption by 
che tissues. 

In addition two differential equations ere used » describe the miu balance or oxygen 
m Ihc alveolar and Mood coopanncou. and beBce the dynaouci of (he oxygen 
synem. Oxygen reaches equfflbriun rapidly after ventilatory perturbation (• 2-5 
minutes) ao that the oxygtn model included ia INVENT U implemented in in steady 
stale form. _ 
The oxygen model ten be used in r*u ways: as a diagnostic tool to estimate value* of 
shunt and *W and as t prognostic tool, to prafict (he effects of changing ventilator 
serines on oxygenation. Estimates of (he skuas and Km parameters can be obtained 
from data obtained ia the clinical setting i.e. ffseasoretnenu of ventilation end blood 
janes when inspired oxygee fc^tio* is varied in rear step*, achieving arterial oxygen 
urunrioat in the rage 90-100%. Previous validation of (he mode! has shown h to 
five a good fit to data from normal subjects and patients following cardiac surgery 
121. 



X2 The cartoon die side model 

Figure 2 illustrates the physiology included in the model of carbon dioxide (COj) 
transport implemented as part of INVENT. This model includes companmcnts 
representing CO* in the alveoli, Wood and tissue and equations describing alveolar 
ventilation, circulation, carbon dioxide production, and the binding or COa in Mood, 
interstitial fluid, and tissues. 

Alveolar ventilation, circulation, and carbon dioxide production are described using 
equations similar to equations I and 7 of the oxygen model, i.e. an equation describing 
COi flow npt of the alveoli, and the Fick equation for COi, respectively 

VCOa « f (Vt - V D ) (Pt'COi - PCOi ) 
CvCOi« CeCOi *(VCOs^) 
when CvCOj. CeCOj represem the total COi concentration in the arterial and venous 
Mm* i.e. that trinsported as COi and bicarbonate (HCOj). 

The COi model implemented in INVENT txcludet some 70 equations which can 
predict the effects on acid-base che mi J cry of chanee* in ventilation. This large number 
of equations is due to the complexity of the acid-base chemistry. For the take of 
brevity this paper includes a description of the physiology included in the model 
rather than the model equations. A more deiafled description of the acid-base 
chemistry equations are found in Rew et si. (4. 5]. r 
Only a small fraction of COa is iriniported in the blood in solution, the majority being 
transported as bicarbonate (WCOj) in s complex let of reaction equations which buffer 
hydrogen ions (H) and hence regulait the acid-base chemisuy of the blood. These 



equation* are lepresented in figure 2. For the plasm* fraction of blood two ruction 
equations an required representing COi conversion to HCO> (oqn. 1), and Che 
buffering of H by ooo-blcarboniU buffer* (NBB), including phosphate gad protein 
(eqn. 3). In the erythrocyte fraction of blood equations are required repTCsenUng COi 
conversion to HCOi (eqn. 3), the competitive binding of H tod Oj lo the 
haemoglobin molecule (HbNHj) (eqns. 4a and 4b) known as the Bohr/HaJdanc effect, 
nod the binding of COi with haemoglobin to form carbamau (HbKHCOO) (oqna. 5a 
and 5b). Eqns. Sa and 5b also describe the competitive binding of 0» and COj to the 
haemoglobin molecule- 
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Fig 2: The caftan dfosldr model 

The combined plasma and erythrocyte model represenu the acid-base chemistry of the 
blood. Thi* model is a modification of thai reported by Re*S tt at. [4 J] extended by 
including the BohWHaldane effect and the carbamate buffer. This acid-base model has 
been validated by comparing pH. KOi titration curves constructed using the mode! 
with choc* constructed using the Siggaard-Amlersen curve nomogram [6] which 
describes the acid-base chemistry of the blood under in vino conditions. The model of 
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acfcd-baae chemistry has been shown to reproduce values obtained using this 

DjomogruB [43]. , 
Unlike esygen. significant quantities or COj an present in che interstitial fluid and 
risaut». Th« model of COa tranipori included in INVENT represanta interstitial fluid 
as a ftioffc pair of bicarbonate aon-bK*fbonnte buffer* (eqns. 6 and 7. figure 2). 
rimilar to those in plasma. Tissue storsi ofCOi art large amounting to some 120 liters 
[?). These store* are highly heterogeneous with experiments of duration of weeks 
oaeessaiy to investigate the turnover of the slowest pools PI- It It Ka*ty thai Che 
majority of tissue involved ia the rapid exchange of CO* is muscle P.I]. The COi 
mode! iecluded in INVENT therefore includes a representation of the tissue buffering 
as a single pair or Bicarbonate noo -bicarbonate buffers corresponding to muscle (eqns. 

T^e^unti J!i describing acid-base chemistry in the blood, interstitial fluid, awl 
t ; f1 — r have been combined with 5 differential aquations used to describe the mass 
balance of total COx (fCOi) tn the alveolar. Mood, and tissue compartments, and Use 
mass balance of Base Excess, and 0» in the blood. The dynamic model of COi 
rraitfpon including the acid base chemistry and the differential equations has been 
shown 15] to reproduce the characteristic two exponential response of FrfCOi to 
hypoventilation, with half lives of the exponentials equivalent to those reported [9J 
during hypoventilation experiment*. 

The COi model included in INVENT is implemented in its steady state form where 
the differentia) equations are set to aero. The model can be used to predict the steady 
state values of acid-base chemistry variables 0.5-2 hours following a change in 
ventilation, after which CO* in the muscle should he at equilibrium with the blood. 

23 Th* kmg dynamics model 

INVENT include! a simple one compartment model of lung o>namjcs, where the 
relatioriship between tidal volume Vt and the change in pressure ia the lungs <AP) is 
described by the equarinn 

VT =AP Camp ( I -e**' B ) 

where* AP is the change in pressure U the lung i e the positive inspiratory preanire 
(PIP) minus ihe positive end expiratory pressure (PEEP); Comp is the compliance or 
the lung; 'it' is the inspiratory rime and can be calculated from the respiratory 
frequency (f) and the inspiratory expiratory ratio (IS); and V is the time constant 
which is calculated as the product of the compliance and resistance or tha lung. 

3 Penalty functions 

The physiological models described in section 2 can be used to mscs the patient's 
pathophysiological state and tn predict the effects of changing ventilator settings. To 
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■elect optimal ventilator Mttiflgt, i.e. those which minimis* the damage to the patient's 
physiology, it «u necessary to specify five penalty Function*. Figure 3 illuflrttee the 
five penalty function* implemented in INVENT to deaoibe the penalty aenciaud 
^th barotrauma (fig. 3*1 tttbettib (fig. 3b), acidoeli end alkalosis (fig; V), poor 
oxygenation (fig. 3d), and oiygen tciicity (fig. 3e). feaaloe* ^atturnnd to be 
additive, and based on input from experienced dinkiaw tbe penalty curves were 
sealed accordingly. 




VW 3. P*u.|iy ftinertW included in INVENT. JVjieliy I* «r«mi«) «n Ac y-aiU. The «v* 
function, rt present penary due to: a) baiomuma, as a function of peak Iwpjrawy pressure 
(PIP):' Tbe individual curve* tepreient penalties innimd for the respmtory fopeocy, fa 3, 
10 15 20. 25. 30; b) atelertem, a» • function of tidal "clone (VtV. O sodojfc and tttaJow 
at a nine*™ of miied venmu pH; d) poor oxygens* on at I nine*on of ml t ed venmu oiygrn 

ufuntion; and e) oiygrn loiirily h a liincHon of iwpiied oiyaen frarftonCFOi) Th» 
individual curve* represent penalties incurred for a number of hours (b) at the TOi levH. n » 1 , 

g. 16.24.32.40. 



4 Selecting ventilator settings using INVENT 

Figure 4 musettes the user Inte rface of INVENT. From ibis interface u is possible 10 
perform the dim logical siaps required to select vtncilaioT settings i.e. patient 
assessment; predicting me outcome of changing ventilator settings; and selecting the 
anpropritte ventilstion. TVse three stages arc no* inwwd using daw from a 
patient (ER) residing in the ICU. , 
The user interface illustrated in figure 4 include* data from pabent 'Eft . Thii p**.nt 
required mechanjeal venrilafJon because of lung damage due to inspiration of bile 
acid, and was vennltted at » high inspired oiygen fraction FOj ■ 0.48, with 
application of positive end eapiratory pressure PEEP - 6 cmHA 
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Pig 4. Invent: The user Interface, btludinj data from patient B» 

Other vemilaior a«in|i * <J» ■>» «' **t — * = °; 4 >• f ' '. SJ "T^'f^ 
an bupuud: expired ratio of O S. TW *n>»p *»« been «*« into column 4 of the 

uaerinlerfaixaiilluin^uWm figure 4. 

Further me«uren«r,U nvail abk for ihit pnlkni -eft: PIP - JM "iHjO. tenpenlur. 
T- 39 -C. tidal ««>**« ^l*" » tt4 « ^ ,UW £ " Ao ° d,01,id, 
Ft tO, - 0.064. arterial blood (» me»ur«i»«nt» pHe = ' ! nf^" 

P«fv-I06kPi S^ = *.4*.Hb = *l-moUI, Htffc - 0 9^ HbMet - 1.01 «. 

5 0 kPa, SvO, - 74.8 «. Th— mwsurtmenu were used to «eet the pete"* current 

m i... h, vJ»- f« d* rtJ— « J™*". » C0, " mB 1 

T Hk HkCO. Md HbMel were input directly "*» » ~ dl0 f B 

„««uren«nu were «ed to calculate «I« of compliance (Con*) end 

(IU.) «,g» B cooraBpuo. (VO0. «rnUc ouan* (Oj. "Aon dioiid. production 
(VCCb). and the mlted venoo, pH (pH.) «J PCO, (PvCO>). the«e^l.lioni ; bring 
performed using the phytiologieal ***** *wib«d "> •**»■ 2. The nuute of ibese 
cakuUtiont are ihoumu column 1 figure 4 _wi . . . . 

VJu- f.v rf* remaining P «m.»« k column 1 Aunt. *- CWO; 
qaa (VO) were abmuod « follow.: Vd c»n«ot he eewnaled and «u UMUtned to 
!S 0.15 I; the hour. 1* particular O, level <h), ««M*ry to qunobfy & penally 
^ci„.o with ..yg.» toaieily wu by th. clinic*. TV three other 

plater, .Sunt, lH CDPO «nno, b ^ ^ « J^ft 
onsen fraction, and required . procedure where hupired o»ygen fraction uvarwi m 
WWta of . tingle ptiM 'cffKtiv. thuM> c. b. o*a»ed 
from dnu rri^ured » . .ingl. oiyg.n he.ioD. thi< S m* ^^'^^^ 
give ■ good fit to d»U al varying impimd otygen fraeUont. A »« panmeter model 
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(.ham, IU») of hog function i. iWo* reo-ir-l to d«ieribe the of dunging 

with d» pmMW Mdnuion sacen inamicd i* fig S. 




H». I; E»«itn*ioe oTCWO, ibsex end R« ^ p***" 1 " 

Fig. 5 Utawi- d.u from M~ "»* - * "L^Ltion'E 

«£u Mood «xs *«• corded. Tbe A pod. fig. Sd»» fff""* 

^ B| tLcC, .-Mi*, P«n*ur «to.Uo.. Tte Dm «> ™T ewMe 
^0o. of CDPO (oonnJ ,J- - 5 m«W) from *e V^^fTJ^ 
which cm Dwn t» p»oU*d. Th. *W bu«oi ptoB ««l of lMJ»w» WF« •!»»« 

«K«Jp*w.t.r<. Tb. M n r*« bwwoi erin* Shunt, IU. "^P lot *« :M f* 

fw .J ..tin-tod p«»«l«.. T1w. c«rv« « <n«tnud .n fig- 6 Tor p*er.t 

ER thawing • good fit or Ae model intke d»tt. 

it column or *. ym btorfe. UWr^U-J » figm < 

o«yg...tie» (wU^ nviitd «nou, O, «WDon a* pr«»»«) *»d «d »"* 
J!! ^ r«d ***** v..o» pHiadCft ^^ C ^«I^S 

five indivichal peiulti.i and fbt loul pttuliy for *«* ■«*' P"* 1 * 1 '"" ™ "J™ 
penity for patient ER wu 1 .966. thu beta. Urge* .Joe to h .r„w»r*>oc«u« of. 
ebvttod PD>. mnd oiygen loudly due to Ihe Wgh iiupir«» "■>««" •««»"• 
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imjicatft o*x> from 1 nvxhwuciDy %«Dtilnted P*t»t m the 1CU (EX) 

Included on the user interface tcreto » an -Optimal vemflaior aening *- b«on««ch 
finds the value* or tidal volume, rwpu-aiory frequency, and inspired oxygen (Taction 
which *e toul penally. Figure 1 Muslrales the opomal ventilator settings 

suggested by INVENT fot die paitcnt ER. 




FH.7 Ukt interface niusfnmni vwiila** aigf*"* ^ ** P** 1 

The system suggests 1 10* reduction to Inspired otyeen fraction with snail changes 
in ridll volume and respiratory frequertfy. A 10% reduction in inspired eaygen is 
clearly beneficial 10 (he piticnt and results in a predicted chan^ of arunal oiygen 
saturation from 96.6% to M.l% which b minor, and within the luniU of chmcal 
•ec.pubili.y. T*. advic. provide by WVEKT wu consilient wtih clinical opinion at 
the time or study the clinician thought the patient wu improving and was considering 
lowering the inspired oxygen fraction. 
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4 Conclusions 



This paper ha* presented an «ppro*ch u> automating the ihre* U>pnl steps in selecting 
ventilator settings i.e. patient asiesimeni. prediction of *r effects of changing 
ventilator settings, and selecting optimal ventilator settings. ■ 
This approach has beco implemented in the system INVENT. • fyw« *hieh include* 
physiological models, and penalty functions. The application of me sywem has bMd 
illustrated with data from a patient residing in the TCU. 

WhiUt the system has been shown to provide reasonable advice in this patient a 
number of further developments an required if it is w sctte ve vide* applicability. In 
particular, the current syne© does sot include relationships hereeca pressure in the 
lung (PEEP. liB ratio. PIP) and lung parameters OhunL tW). or betwn canxisc 
output and oxygen saturation The eorrtnl system is also limited to those patients with 

DospoBuwousbrealhibg. _ 

Despite these limitations, this paper illustrates the poteooal for INVENT W provide 
useful advice on optimising ventilator settings for patienis in ihe intensive care unit 
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